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Abstract

Desipramine (DMI), talopram and talsupram, three of the most potent norepinephrine trans-
porter (NET) inhibitors reported to date, were radiolabeled in high yields and at high specific
radioactivity (58-75 GBg/umol) by the methylation of nor-precursors with [C-11]methyl triflate.
The regional brain distribution of each radioligand following intravenous injection into cynomol-
gus monkey was examined in vivo with positron emission tomography (PET). For all three radio-
ligands, the regional brain distribution of radioactivity was slightly heterogeneous, with higher
uptake of radioactivity in the mesencephalon, thalamus and lower brainstem than in striatum.
The rank order of maximal brain radioactivity (as percentage of injected dose) was [C-11]DMI
(2.7%) > [C-11]talsupram (1.3%) > [C-11]talopram (0.7%). The appearance of radioactive meta-
bolites in plasma was similar for each radioligand (75-85% of radioactivity in plasma at 45 min).
These metabolites were all more polar than their parent radioligand. The data show that these
radioligands are inferior to existing radioligands for the study of brain NET with PET in vivo.
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Introduction are so far very few, but include [C-11]nisoxetine [2], and

_— two analogs of reboxetine, known as (S,5)-[C-11]MeNER
ost research on the development of radioligands for ’ .
Mimaging the major brain monoamine transporters with [3-5] and (S,S)-[F-18]FMeNER-D, (Fig. 1) [6]. Only the

positron emission tomography (PET) has so far been reboxetine analogs are able to image NET with PET, but as

directed towards the dopaminergic and serotonergic trans- it appears not with .hlgh sensitivity. _— .
porters (DAT and SERT, respectively) [1]. By contrast In view of our aim to develop a PET radioligand that is
compounds that have beer’l labelled and evafuate d as PET suitable for the sensitive and quantitative measurement of

S . . . NET in the human brain, we are interested in evaluatin
radioligands for brain norepinephrine transporters (NETS) selective and high affinity NET inhibitors from variou{i

structural classes. Desipramine (DMI), talopram and talsu-
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ki.se three of the most potent and selective inhibitors of NET
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Fig. 1.
is thus not entirely comparable.

reported to date (Table 1) [9]. As such, we were led to
consider these compounds as potential radioligands for
imaging NET with PET.

DML, is a classical tricyclic antidepressant that has some
anticholinergic properties. However, DMI binding to NET
is selective and of high affinity. Thus, its binding to human
NET (Ki = 0.63 nM) [11] is about 100-fold higher than its
affinity towards muscarinic acetylcholinergic receptors (Ki
= 66 nM) [10]. Furthermore, DMI affinity for rat NET is
over 216-fold greater than that towards SERT and 9381-fold
greater than that towards DAT [9]. Tritium-labelled DMI
has been used for in vitro autoradiographic studies of NET
in the human brain post mortem [12, 13]. From one of these
studies, it was concluded that [H-3]DMI bound to high- and
low-affinity binding sites, where the high affinity portion of
the binding was considered to be NET-specific [12].
Although [C-11]DMI has been synthesized previously
[14], no data on its brain distribution in vivo have been
reported.

Talopram and talsupram are bicyclic phenylphthalans
that are very closely related in structure to each other, dif-
fering only in the nature of one heterocyclic atom (O or S,
respectively), and are also structurally similar to the se-
lective and high affinity SERT inhibitor, citalopram [7, 8].
Inhibition constants for monoamine uptake into rat hypo-
thalamic synaptosomes [8] for these compounds are in the
nanomolar range (Table 1). Talopram and talsupram are
highly selective for NET versus DAT and SERT (Table 1)
and are over 100-fold selective for NET versus all other
targets that they have been tested against (K.P. Bogesgo,
personal communication).

Table 1. ICs, values for inhibition of [?HJmonoamine uptake into rat brain
synaptosomes

ICso (nM)

Ligand SERT NET DAT
DMI 210 0.97 9100
Talopram 1400 2.9 44000
Talsupram 850 0.79 9300
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(R)-Nisoxetine  (S,S)-MeNER (S,5)-FMeNER-D,

K;=0.38 nM K;=2.5nM K;=3.1nM
cpK,=9.94 cpK,=8.42 cpK,=8.39
cLogP =3.52 cLogP =2.55 cLogP =2.55
cLogD =1.02 cLogD =1.50 cLogD =1.52

Structures and properties of NET inhibitors. It should be noted that the data was obtained from different sources and

Concurrent with this study, McConathy et al. reported an
evaluation of [C-11]talopram and [C-11]talsupram as radio-
ligands in rhesus monkeys in vivo [15]. Their report showed
that the global brain radioactivity uptake was low for each
radioligand, but did not cover brain regional differences in
uptake. Several factors may lead to low brain uptake of
candidate radioligands, including, for example, high binding
to plasma proteins, rapid metabolism, rapid clearance from
plasma or rapid removal from brain by efflux pumps. These
effects may in certain cases be species-dependent.

This report provides an evaluation of [C-11]DMI as a
radioligand for brain NET in cynomolgus monkey and extends
the findings of McConathy et al. [15] on [C-11]talopram and
[C-11]talsupram in a different species of monkey at a brain
regional level.

Materials and Methods
Chemistry

General Procedures. DMI was obtained from Sigma. Nor-
precursors and authentic talopram and talsupram (racemates) were
kindly supplied by H. Lundbeck A/S (Copenhagen, Denmark).
Other chemicals were obtained from Sigma-Aldrich and used
without further purification. Nor-DMI was synthesized according
to a previously described method [14]. [C-11]Carbon dioxide was
produced at the Karolinska Hospital with a GEMS PETtrace
cyclotron using 16 MeV protons in the N-14(p,o) C-11 reaction on
nitrogen gas. [C-11]Methyl iodide was synthesized from [C-
11]carbon dioxide with a GEMS PETtrace Mel Microlab®™
apparatus [16]. [C-11]Methyl triflate was prepared by sweeping
[C-11]methyl iodide vapour through a heated glass column
containing silver-triflate-impregnated graphitized carbon, as pre-
viously described [16].

Preparative HPLC was performed using a reverse phase p-
Bondapak C-18 column (300 x 7.8 mm, 10 pm; Waters) or a normal
phase p-Porasil column (300 x 7.8 mm; Waters). The column
outlets were connected to an absorbance detector (A = 254 nm) in
series with a GM tube for radiation detection. [C-11]DMI was
purified by normal phase HPLC with system A (CH,Cly—
MeOH-TEA; 99: 1: 0.01 by vol.) as mobile phase at 2 ml/min.
[C-11]talopram and [C-11]talsupram were purified using reverse
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phase HPLC on system B (MeCN-NH4CO,H (0.1 M); 40: 60 v/v)
eluted at 6 ml/min and 8 ml/min, respectively.

The radiochemical purity of each product was determined by
reverse phase HPLC equipped with a p-Bondapak C-18 column
(300 x 3.9 mm, 10 um; Waters) and an absorbance detector (1 =
254 nm) in series with a B-flow detector (Beckman) for radiation
detection. [C-11]DMI and [C-11]talsupram were analysed using
mobile phase C (MeCN-H;PO,4 (10 mM), 35: 65 v/v) at 3 ml/min.
[C-11]Talopram was analysed using mobile phase D (MeCN-
H;PO,4 (10 mM), 30: 70 v/v) at 3 ml/min.

Radiomethylation Procedure. [C-11]Methyl triflate was
trapped at room temperature in a reaction vessel containing the
appropriate nor-precursor of DMI, talopram or talsupram (0.5 mg; 2,
1.8 or 1.7 umol, respectively) and aqueous sodium hydroxide solution
(0.5 M; 2, 6 or 6 pl, respectively) in acetone (400 pl) (Scheme 1).
After completed trapping, mobile phase (system A or B, 600 pl)
was added to the crude reaction mixture before its injection onto
the semi-preparative HPLC column. The mobile phase was evap-
orated off from the collected radioactive product fraction and the
residue dissolved in sterile sodium phosphate buffered saline
(pH 7.4; 8 ml) and filtered through a sterile Millipore filter (0.22
um), yielding the product in a sterile solution free from pyrogens.

PET Measurements

A Siemens ECAT EXACT HR PET system was run in 3-D mode.
The spatial resolution is about 3.8 mm FWHM. Images were
displayed as 47 sections with a separation of 3.3 mm [17].

Two cynomolgus monkeys (5.65 and 6.31 kg) were supplied by
the National Institute for Infectious Disease Control (Solna,
Stockholm). The study was approved by the Animal Ethics
Committee of Northern Stockholm. Anaesthesia was induced and
maintained by repeated intramuscular injection of a mixture of
ketamine (3-4 mg kg 'h™! Ketalar®, Parke-Davis) and xylazine
hydrochloride (1-2 mg kg~ 'h ™' Rompun® vet., Bayer Sweden). A
fixation system was used to secure a position of the monkey head
during the PET measurements [18]. Body temperature was
controlled by a heating pad with thermostat. In each PET
measurement 49—55 MBq of radioligand was injected as a bolus

into the left sural vein. Radioactivity in brain was measured accord-
ing to a pre-programmed sequence of frames over 93 minutes.

In the first monkey, a baseline measurement with [C-11]DMI
(53 MBq; 65 GBg/umol) was performed followed by a pre-
treatment measurement in which DMI (5 mg/kg) was injected
intravenously 20 minutes before injection of [C-11]DMI (50 MBgq;
52 GBg/umol). Both PET measurements were performed on the
same day.

In the second monkey, two baseline PET measurements were
performed on the same day, the first with [C-11]talopram (55
MBgq; 58 GBg/umol) and the second with [C-11]talsupram (49
MBgq; 75 GBg/umol).

Regions of interest (ROI’s) (lower brainstem, mesencephalon,
striatum, thalamus and whole brain) were drawn on images
reconstructed as a sum of all frames and were defined according
to an atlas of a cryosected Cynomolgus monkey head in situ [18].
Radioactivity was calculated for the sequence of time-frames,
corrected for the radioactivity decay and plotted versus time. The
percent of injected radioactivity present in brain at the time of
maximal radioactivity concentration was used as an index of
radioligand uptake in the brain. This percentage was calculated by
multiplying the brain volume (about 70 ml) with the radioactivity
concentration in the ROI for the whole brain divided by the
injected radioactivity. The brain volume was calculated by
multiplying the sum of the whole brain regions of all PET-sections
with the plane separation.

Striatum, which is a region almost devoid of NETs [19-21],
was used as a reference region for the free radioligand concentra-
tion and non-specific binding in brain. To calculate specific
binding, radioactivity in the striatum was subtracted from the
radioactivity in a ROL.

Analysis of Radioactive Metabolites in Plasma

A HPLC method was used to determine the percentages of
radioactivity in monkey plasma that correspond to unchanged
radioligand and labelled metabolites during the course of a PET
measurement. The method was adapted from that known to be
useful for other PET radioligands [22]. Venous blood samples
(2 ml) were obtained from the monkey at 4, 15, 30 and 45 minutes
after injection of radioligand. Plasma (0.5 ml), obtained after
centrifugation at 2,000 g for two minutes, was mixed with
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Scheme 1.

Labelling of [C-11]DMI, [C-11]talopram (X = O) and [C-11]talsupram (X = S).
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(A) Whole brain radioactivity as percentage of injected radioactivity of the radioligands [C-11]DMI, [C-11]talopram and

[C-11]talsupram. (B) Time-radioactivity curve obtained after i.v. injection of [C-11]DMI showing regional brain distribution under
baseline conditions. (C) Regional brain distribution of [C-11]DMI under pre-treatment conditions. (D) Time-radioactivity curve
obtained after i.v. injection of [C-11]talopram. (E) Time-radioactivity curve obtained after i.v. injection of [C-11]talsupram. The

injected radioactivity was normalized to 50 MBq in Fig. 2B-E.

acetonitrile (0.7 ml). The supernatant acetonitrile-plasma mixture
(1.1 ml) and the precipitate obtained after centrifugation at 2,000 g
for 2 minutes were counted in a Nal well-counter.

The HPLC system used in the experiments consisted of an
interface module (D-7000; Hitachi), a L-7100 pump (Hitachi), an
injector (model 7125 with a 1.0 ml loop; Rheodyne) equipped with
a p-Bondapak-C18 column (300 x 7.8 mm, 10 pm; Waters) and

an absorbance detector (L-7400; 254 nm; Hitachi) in series with a
radiation detector (Radiomatic 150TR; Packard) equipped with a
PET Flow Cell (600 pl cell). Phosphoric acid (10 mM) (E) and
acetonitrile (F) were used as the mobile phase at 6.0 ml/min,
according to the following program: 0-5.5 min, (E: F) 90: 10 v/v —
40: 60 v/v; 5.5-6.5 minutes, (E: F) 40: 60-90 v/v: 10; 6.5-10 minutes
(E: F) 90: 10 v/v. The radioactive compound having a retention time
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[ : iC]talopram
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Fig. 3. Horizontal PET images showing the level of mesencephalon and cortex after i.v. injection of [C-11]DMI, [C-11]talopram
and [C-11]talsupram. The intensity scale is different on the three PET images. The [C-11]DMI image scale is from 0 to 750 nCi/ml,
whereas the PET images obtained after i.v. injection of [C-11]talopram and [C-11]talsupram are scaled from 0 to 325 nCi/ml.

corresponding to reference NET inhibitor (DMI, talopram or
talsupram) was integrated and its area expressed as a percentage
of the sum of the areas of all detected radioactive compounds
(decay-corrected).

Results
Radiochemistry

The radiochemical yield (decay-corrected) of each radio-
ligand from [C-11]methyl triflate was high (~60%, assessed
by using radio-HPLC). The total radiosynthesis time was
30-35 min and the radiochemical purities were higher than
99%. The retention times (tr’s) of [C-11]DMI, [C-11]talo-
pram and [C-11]talsupram in the preparative HPLC
systems were 8.5, seven and 10 minutes, respectively. The
tr’s of DMI, talopram and talsupram in the analytical
HPLC systems were 4, 6.5 and 6 minutes, respectively.
The specific radioactivities at the times of injection into
monkey were 58-75 GBq/umol.

PET Measurements

After intravenous administration of [C-11]DMI, radioactiv-
ity readily entered brain reaching a peak of 2.7% of the
injected dose at 24 minutes after injection (Fig. 2A). No ratio
of radioactivity greater than 1.15 was found between any
ROI and striatum over the time course of the experiment
(Fig. 2B). A higher uptake of radioactivity in brain was
obtained in the pretreatment experiment (3.0%), though DMI
had no significant effect on the brain distribution of
radioactivity (Fig. 2C). PET images of cynomolgus monkey
brain, obtained at nine to 93 minutes after [C-11]DMI
injection reflect the adequate uptake of radioactivity and the
lack of a regional distribution of this radioactivity according
to the expected distribution of NET (Fig. 3, Panel A).

Following intravenous injection of [C-11]talopram or [C-
11]talsupram, maximal brain uptake of radioactivity was
0.7% or 1.2% of the injected dose, respectively (Fig. 2A).
For each radioligand, the highest uptake of radioactivity
was observed in the lower brainstem, mesencephalon and
thalamus, whereas radioactivity was lowest in striatum
(Fig. 2D and E). The peak ratios of radioactivity in thalamus
to that in striatum were 1.3 for [C-11]talopram at 66 min
and 1.4 for [C-11]talsupram at 90 minutes. For each radio-
ligand, The PET images of cynomolgus brain, obtained at
9 to 93 minutes after [C-11]talopram injection reflects the very
low uptake of radioactivity (Fig. 3, Panel A), while the
corresponding image for [C-11]talopram reflects a higher
uptake of radioactivity with a more discrete distribution
(Fig. 3, Panel B).

Analysis of Radioactive Metabolites in Plasma

The radioactivity in monkey plasma corresponding to
unchanged [C-11]DMI was 60% at 30 minutes and 20% at

100 -
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Fig. 4. Percentage of unchanged radioligand at 4, 15, 30
and 45 minutes after i.v. injection of [C-11]DMI, [C-11]talo-
pram and [C-11]talsupram.
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45 minutes after injection (Fig. 4). For [C-11]talopram the
corresponding values were 30% at 30 min and 25% at 45
minutes, and for [C-11]talsupram 20% at 30 minutes and
15% at 45 minutes. Radioactive metabolites of [C-11]DMI,
[C-11]talopram and [C-11]talsupram were all less lipophilic
than the parent compound, as judged by their shorter
retention times in the reverse phase HPLC analysis.

Discussion

Brain uptake of radioactivity after intravenous administra-
tion of [C-11]DMI to cynomolgus monkey was satisfactory
for a candidate PET radioligand (Fig. 2, Panel A). However,
the regional brain distribution of radioactivity was almost
completely homogeneous, as shown in the regional time-
activity curves (Fig. 2, Panel B) and in the acquired PET
image (Fig. 3, Panel A). The ratio between any NET-rich
region, such as thalamus, and the NET-poor striatum did not
exceed 1.15 during the baseline experiment. The distribu-
tion of radioactivity was insensitive to pre-treatment with
DMI (Fig. 2, Panel C). These findings contrast with results
from the in vitro autoradiography of [H-3]DMI binding to
human brain post mortem where most of the binding was
inhibited by DMI [12, 13]. The difference between the re-
sults in vivo and in vitro may be due to species differences
and/or the washing steps that may only be utilized in vitro
but which may effectively remove non-specific binding.

The increased uptake of radioactivity into brain after pre-
treatment with DMI indicates that the plasma-free concen-
tration of radioligand is sensitive to DMI pre-treatment,
probably due to inhibition of DMI binding in the periphery.
This accords with the results obtained with (S,5)-[C-
11]MeNER, which showed increased brain radioactivity in
cynomolgus monkey after intravenous pre-treatment with
DMI [3]. However, it should be noted that since DMI was
used in the pre-treatment, peripheral blockade might not be
limited to NET but may include other unknown DMI-
binding sites.

The percentages of [C-11]talopram or [C-11]talsupram
that maximally entered cynomolgus brain were low (0.7%
and 1.2% of injected dose, respectively) and similar to those
that have been observed in rhesus monkey (~0.07% of
injected dose per g) [15]. The shapes of the global brain
radioactivity uptake curves for the two radioligands were
similar to each other in this study and also to those in rhesus
monkey reported by McConathy et al. [15]. After the initial
low uptake of radioactivity into brain, there was only a
slight increase over the remainder of the experiment (Fig. 2,
Panel A) The low brain uptake may be due, at least in part,
to the high degrees of protonation and low overall lip-
ohilicities of these ligands (ionized plus unionized species)
at physiological pH. Thus, the calculated pKa values are
10.4 and 10.5, for talopram and talsupram, respectively,
while the calculated LogD values [23] (at pH 7.4) are 1.02
and 1.60 [24] and similar to the empirical LogD values of

0.8 and 1.7, respectively (Fig. 1) [15]. Notably, talsupram
has a slightly higher LogD value than talopram and has the
higher brain penetration. However, [C-11]DMI has a low
cLogD value (0.91; Fig. 1) comparable to that of [C-
11]talopram but still achieves acceptable brain entry (Fig. 2,
Panel A). Other radioligands with low LogD values are
know to enter brain adequately for PET imaging (e.g., [C-
11]raclopride; cLogD = 0.7) [24]. Hence, effects other than
low logD may also be operating to reduce the brain entry of
[C-11]talopram and [C-11]talsupram. Possible mechanisms
for the low brain uptake of these two radioligands include
strong binding to plasma proteins or removal from brain by
efflux pumps, such as Pgp. These possibilities were not
investigated further, because at present there are no
practical means for overcoming such effects in clinical
studies.’

Although after intravenous administration of either
[C-11]talopram or [C-11]talsopram into cynomolgus mon-
key the proportion of radioactivity entering brain was low,
small regional differences in brain radioactivity were indeed
observed (Fig. 2, Panels D and E), whereas McConathy
et al. [15] did not detect such differences in rhesus monkey.
Ratios of radioactivity in thalamus to striatum reached 1.3
and 1.4 for [C-11]talopram and [C-11]talsupram, respec-
tively. These values are higher than for [C-11]DMI, but
somewhat less than the corresponding values in earlier
imaging studies with (S,5)-[C-11]MeNER and (S,S)-[F-
18]JFMeNER-D, where ratios of about 1.5 were obtained
in cynomolgus monkeys [3, 6] and baboons [5]. A ratio of
about 2.5 was also obtained with (S,5)-[C-11]MeNER in
rodent brain [4].

In this study, the same protocol used in our previous
studies with (S,S)-[C-11]MeNER and (S,S)-[F-18]FMeNER-
D, was used to induce and maintain anaesthesia throughout
the PET experiment. Although one of the anaesthetic agents
used, ketamine, is known to bind to NET [27, 28], (S,S)-[C-
11]MeNER and (S,S)-[F-18]JFMeNER-D, readily entered
brain and accumulated in NET-rich regions under these
anaesthetic conditions [5, 6]. It therefore seems unlikely
that ketamine influences the global brain uptake of these
NET radioligands. The possibility that ketamine anaesthesia
leads to an under-estimation of target- to non-target ratio
also seems unlikely, since PET measurements in conscious
humans in our laboratory with (S,S)-[C-11]MeNER did not
show greater regional differentiation than in anaesthetized
cynomolgus monkeys, with target- to non-target ratios of
about 1.5 in both species (unpublished data).

No corrections for partial volume effects (PVE) were
made in these PET measurements, since this was technically
outside the scope of this study. We have observed with

' It should be noted that in some cases the brain uptake of some PET
radioligands in non-human species may be enhanced by using P-gly-
coprotein modulators [25, 26]. However, this approach has not yet been
developed for application in human subjects.
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(S,5)-[C-11]MeNER and (S,S)-[F-18]JFMeNER-D, that it is
possible to detect specific binding to NET in the cynomol-
gus monkey brain, regardless of PVE correction [5, 6].
Thus, although the extent of radioactivity ‘spillover’ from
PVE in this study is unknown, the lack of correction for PVE
is considered not to compromise qualitative conclusions on
the efficacy of the tested radioligands as NET probes in vivo.

Each of the tested radioligands was quite rapidly
metabolised in cynomolgus monkey, as indicated by HPLC
analysis of plasma (Fig. 4). Radioactive metabolites
detected in plasma were all less lipophilic than the parent
radioligand, as indicated by their shorter retention times on
reverse phase HPLC. Therefore, it seems unlikely that radio-
active metabolites would have significantly confounded PET
images from these radioligands.

Assuming that no radiometabolites confound the PET
measurements, increased target to non-target ratios might be
obtained from radioligands showing either higher affinity or
reduced non-specific binding or both. Lipophilicity is often
considered to be a key parameter in determining both brain
penetration and non-specific binding to brain tissue. LogP is
usually taken as an index of lipophilicity for the charge-
neutral version of a ligand, while LogD is taken as an index
of lipophilicity for the sum of unionized and ionized
versions of the ligand at physiological pH (7.4), which is
controlled by the pKa values of any ionisable groups in the
ligand. Hence, calculated values of LogP, LogD and pKa
may be expected to have some predictive value with regard
to brain entry and non-specific binding for candidate radio-
ligands. However, consideration of these parameters for the
radioligands tested in this work, along side those of
previously reported NET radioligands (Fig. 1), fails to
identify good correlations of these parameters with brain
entry or non-specific binding.

Conclusion

The three radioligands [C-11]DMI, [C-11]talopram or [C-
11]talsupram are inferior to the existing PET radioligands
(e.g., (5,5)-[C-11]MeNER or (S§,S)-[F-18]FMeNER-D,) for
imaging central NETs.
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